The Intracellular Na' concentration in the halotolerant alga Dunaliella salina was measured in intact cells by 2'Na-NMR spectroscopy, utilizing the dysprosium tripolyphosphate complex as a sodium shift reagent, and was found to be 88 ± 28 millimolar. Intracellular sodium ion content and intracellular volume were the same, within the experimental error, in cells adapted to grow in media containing between 0.1 and 4.0 molar NaCl. These values assume extracellular and intracellular NMR visibilities of the 'Na nuclei of 100 and 40%, respectively. The relaxation rate of intracellular sodium was enhanced with increasing salinity of the growth medium, in parallel to the intracellular osmosity due to the presence of glycerol, indicating that Na' ions and glycerol are codistribbuted within the cell volume.
Members ofthe genus Dunaliella (division Chlorophycophyta, order Volvocales, family Polyblepharidaceae) have the capacity to tolerate and adapt to a very wide range of salt concentrations (0.1-5.5 M NaCl). This is achieved through the ability of the algae to survive the initial osmotic stress and then adjust their intracellular solute content to the new level required for the maintenance of a similar cell volume. Glycerol has been established to be the major osmoregulator and compatible solute in Dunaliella (4, 7) . However, there is much controversy concerning the role of other ions, primarily Na+, in osmoregulation (1) .
It is generally accepted that the intracellular Na+ level in Dunaliella is lower than that of the surrounding medium. This is also supported by the sensitivity of several of its enzymes to NaCl (16, 27) . However, different values have been reported for the magnitude ofthe transcellular sodium gradient, ranging from an intracellular to extracellular concentration ratio of 0.5 (17, 29) to less than 0.1 (13, 22, 25) . There is also a disagreement as to whether the internal Na+ content is a function of the external NaCl concentration (2, 18) or not (13, 22, 25) . We believe that the origin of the discrepancy lies in the technical difficulties of separating the relatively small volume oflow-salt-containing cells from the large volume of extracellular medium containing massive amounts of salt. Although Dunaliella is very flexible osmotically, it is very fragile mechanically, making the physical separation of undamaged cells (with unknown ionic content) from the medium extremely difficult. Even It is clear from the data obtained so far that if one could use a noninvasive technique for determination of intracellular Na+ that does not require separation of the cells from the external medium or their disruption, many of the methodological problems mentioned above will be avoided. We decided, therefore, to use NMR spectroscopy for determining noninvasively the intracellular Na+ content in intact Dunaliella salina adapted to different NaCl concentrations. In recent years, 23Na-NMR spectroscopy coupled with the use of Na+ shift reagents (10, 20) has permitted measurements ofNa+ content and fluxes in living cells and tissues (8, 9, 11, 15, 20, 23) . A drawback in employing 23Na-NMR techniques for in vivo studies is the uncertainty regarding the NMR-visibility of the intracellular 23Na nuclei (3, 12) . However, since the visibility should not vary for the same species of cells under different environmental conditions, comparative studies ofintracellular content are valid. Verification of the cells' viability and well being under the conditions of the NMR experiment (i.e. aerated in the dark at 4C) can be achieved through 3'P NMR studies of the phosphate metabolites and microscopic observation (5 Intracellular Na+ Concentration. Intracellular Na+ concentration was calculated from the ratio of the integrated intensities of the resonances due to the intracellular (Ain) and extracellular (Aout) Na+ ions, the ratio of the extracellular to intracellular volume and the extracellular Na+ concentration. The intracellular Na+ concentration is given by:
This calculation assumes that both the intracellular and extracellular Na+ ions are 100% visible; otherwise, appropriate correction factors must be introduced.
RESULTS AND DISCUSSION 23Na-NMR Measurements of the Intracellular Na+ Ion Content. 23Na-NMR was used to monitor noninvasively the intracellular sodium ions of Dunaliella. The signal due to the external 23Na was separated from the intracellular one by addition of the paramagnetic shift reagent Dy(PPP)2<7 to the medium in which the cells were suspended. A typical 23Na-NMR spectrum (Fig. 1 NaCl released Na4 when resuspended in a medium containing glycerol and a very low (0.15 M) Na+ concentration. Analysis of sequential spectra from such cells showed, in two independent experiments, that the decrease in the integrated intensity of the intracellular signal corresponded to 41 and 48% of the corresponding increase in the integrated intensity of the extracellular sodium signal. The changes, although small (approximately 20% of the total internal Na4 content), were statistically significant. We therefore assume that the intracellular sodium nuclei in Dunaliella exhibit a 40% NMR visibility, in analogy to that previously determined in other cells such as Escherichia coli (8) and yeast (23) and in a variety of biological tissues (12) . It should be noted, however, that it is very difficult to unequivocally determine the visibility ofthe intracellular 23Na nuclei, and there exist contradicting reports by different investigators, even for the same system (e.g. 6, 19) . The 40% NMR visibility of 23Na could arise from rapid exchange between the bulk free internal Na4 and a small fraction (<1 %) of immobilized Na4, causing two of the three permitted energy transitions to exhibit very short transverse relaxation times (T2) due to quadrupolar interaction. Alternatively, the quadrupolar effect could be due to diffusion of the free sodium ions between domains ofordered polyelectrolytes (e.g. nucleic acids, polypeptides). The interaction between Na4 and the polyelectrolytes is electrostatic and does not significantly limit the freedom of motion of the ions (12, 14) . Both interpretations mean that virtually all of the intracellular Na4 ions are free in solution. In addition, these considerations indicate that the visibility of such soluble Na4 cannot be lower than 40%. Indeed, previous reports (3, 8, 12, 23 ) support this analysis. Intracellular Na4 Content. The Na4 concentrations in D. salina adapted to different salinities were determined, assuming 40% visibility, (i.e. the relevant NMR signal intensities were multiplied by a correction factor of 2.5), and are summarized in Table  I . The values in Table I provide an upper limit for the intracellular Na4 concentration. If the visibility of the intracellular 23Na nuclei was 100%, the values in Table I would have been 2.5-fold lower (the mean [Na+i4] = 35 ± 11 mM).
Cells adapted to 0.5 M and 1.0 M NaCl were measured both in an isoosmotic NaCl medium and in medium containing 0.3 M Na4 made isoosmotic with glycerol. Similar values for the intracellular sodium content were obtained for cells resuspended in the two types of media (Table I) , thus showing that the intracellular Na4 level was not affected by partial replacement of extracellular NaCl by glycerol. For cells adapted to high salinities, an 
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Mean 88 ± 28 (n = 13) a Data obtained from experiments in which the cells were resuspended in isoosmotic medium containing glycerol and 0.3 M NaCl.
isoosmotic medium containing a combination of 0.3 M NaCl and glycerol was used. This was done to avoid high concentrations of the shift reagent, which caused substantial broadening of the sodium resonance. Although the presence of glycerol induced line broadening as well, the overall effect still allowed sufficient separation ofthe internal and external Na+ signals even at high salinities (Fig. 1B) . Dunaliella cells observed microscopically appear unaffected by this change in their medium. To further establish the cells' well-being under these conditions, we have recorded 3"P-NMR spectra ofcells adapted to high salinities (2 and 4 M NaCi) and resuspended in isoosmotic NaCl or NaCl/ glycerol medium. The spectra were similar in both media and exhibited a similar content of nucleotide triphosphates (primarily ATP). The possibility of very rapid efflux of Na+ from the highsalinity-adapted cells upon transfer to the relatively low-Na4 medium cannot be ruled out completely. However, the equivalent results obtained for cells grown with 1 M NaCl or lower and measured in the growth medium or in an isoosmolar medium containing 0.3 M NaCl and glycerol, the constancy of the values obtained with time, the conserved energy profile of the cells following the washes (reflected by the 3"P-NMR spectra), and the Plant Physiol. Vol. 87, 1988 cells were higher. The faster relaxation rates in the cells may be due to the dependence of the intracellular viscosity on other intracellular components. This is more pronounced at lower salinities, where the cells contain a lower glycerol concentration (4) than at high salinities, where the contribution of glycerol to the intracellular viscosity is higher, and can explain the more moderate slope ofthe dependence of l/T1 in the cells. An almost parallel increase was observed in 1/NTI of the glycerol carbons with increased salinity (5) . These results show that Na+ ions and glycerol are codistributed within the different compartments of the Dunaliella cell.
CONCLUSIONS 10
The results presented indicate that the intracellular Na+ concentration in Dunaliella salina is around 90 mm (upper limit) and does not change, within the experimental error, with changes in the extracellular salinity. It is much lower than that of the extracellular environment and thus seems not to contribute significantly to osmotic control in this alga. Moreover, it seems that the intracellular sodium content is strictly regulated. The T1 measurements suggest that glycerol, the major osmoregulator of Dunaliella, and Na+ are located within the same cellular compartments. This makes unlikely the possibility that Dunaliella consists of two compartments, one containing a low Na+ concentration and osmoregulated by glycerol and the other permeable to sodium ions (13, 18 salina cells as a function of the medium salinities in which they were grown. Each point represents an independent experiment, the error bars delineate the 95% confidence interval obtained from the best-fit procedure as described under "Materials and Methods." microscopic appearance of the cells make it unlikely that such leakage takes place.
From the results of Table I , it is apparent that the intracellular Na+ concentration was invariant, within the experimental error, with the extracellular salinity, and was considerably lower than that of the growth medium: the extracellular/intracellular concentration ratio varied between 1.5 in cells grown in 0.1 M NaCl to as high as 40 for cells adapted to 4.0 M NaCl. These results are comparable to the values reported by Pick et al. (24) . A similar value of approximately 90 mm, can be calculated from a weighted average of the the Na+ concentrations determined by x-ray microanalysis for the cytoplasm and vacuoles ofDunaliella parva cells adapted to 0.4 and 1.5 M NaCl (21) .
Effect of Salinity on the Relaxation Rate of Intracellular "Na Nuclei. Using the inversion recovery technique, we determined the longitudinal relaxation rate (lI/Ti) of the intracellular "Na nuclei in D. salina cells adapted to different salinities and the 1/ T1 of 50 mm NaCl in different glycerol/water mixtures. The relaxation rate ofthe intracellular sodium increased with increasing salinity of the growth medium. A similar increase in l/T1, which correlated with the increase in the relative viscosity (?/?b) due to the presence of glycerol, was observed in the glycerol/ water mixtures (Fig. 3) . However, the absolute l/T1 values in the LITERATURE CITED
